When plasmid DNA duplexes carrying the regular homopurinehomopyrimidine inserts (dGA) • (dTC) and (dG) • (dC) are preincubated with homologous lSbeled oligo(dPy) X(dTC) and (<*C) respectively) at acid pH, the label co-electrophoreses with the duplex DNA. Thus, a very strong complex is formed. Complementary oligo(dPu) does not form a complex under these conditions. No binding is observed for oligo(dPy) with non-homologous inserts as well as with vector plasmids without inserts. The complex is formed equally well with linear, nicked or superhelical DNA. The complex is not detected at pH > 6. Complex formation leads to very little, if any, unwinding of the duplex. The observed complete appears to be the Py»Pu«Py triplex consisting of TAT and CGC base-triads with protonated cytosines. Two-dimensional gel electrophoresis patterns show that the presence of homologous oligo(dPy) destabilizes the formation of the H form.
INTRODUCTION
Hompurine-homopyrimidine (Pu/Py) regions in DNA have attracted a great deal of attention in connection with their possible role in gene regulation in eukaryotes (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) . These regions undergo a structural transition to what has been termed the H form (12-14) under superhelical stress and/or low pH. The model for this form which has received considerable support consists of a triplex formed by a Py-strand hairpin and a half of the Pu strand; the second half of the Pu strand is left unstructured (13, 14) . the triplex contains the TAT and CGC + base triads which consist of the canonical Watson-Crick pairs with attached thymine and protonated cytosine, presumably through Hoogsteen pairing (15) (16) (17) (18) (19) .
So far experimental demonstration of such DNA triplexes has been restricted to synthetic polynucleotides (15) (16) (17) (18) , though it has long been anticipated that complexing of oligo(Py) with DNA should be observable (20) .
Demonstration of such complexes is hindered by possible formation of the D and R loops while DNA is complexed with oligo(dPy) and oligo(rPy) respectively (21, 22 ).
Here we demonstrate complex formation between oligo(dPy) and a homologous duplex region inserted into a plasmid.
The lack of complex formation by oligo(dPu) with the homologous region, of oligo(dPy) with the vector plasmid without the insert and many other control experiments leave no doubt that the complex we observe is actually the PyPu»Py triplex.
We also present a detailed study of the influence of oligo(dPy) on extrusion of the H form in Pu/Py regions under superhelical stress. phoresis, and the mixture was incubated for 10-15 min at 40-45 C. Then the samples were cooled and layered on the gel. To maintain constant pH, the buffer was continuously pumped between the two chambers of the apparatus in the course of electrophoresis.
MATERIALS AND METHODS
The difference in pH between the chambers never exceeded 0.1. Xray film ORWO HS-II was used for radioautography. After completion of the radioautography the gel was stained by ethidium bromide and photographed. Two-dimensional gel electrophoresis was performed as described previously (12). 3, 6) . The preparations were preincubated with either P-(dTC) (lanes 1-3) or P-(dGA) 5 (lanes [4] [5] [6] . Electrophoresis was performed using the same conditions as in Fig.l When the labeled oligonucleotide (dC),_ ,_ is preincubated with plasmid pG35 carrying a (dG) 35 «(dC) 35 insert prior to electrophoresis, the oligonucleotide moves in the gel with the plasmid at pH 4.8 (Fig.l) . This occurs with all forms of double-stranded pG35 DNA tested, including closed circular (CC), open circular (OC) and linear (L) (Fig.IB, lanes 1,2) . However, the same phenomenon is not observed, when the parental pUC19 DNA is used instead of pG35 (Fig.IB, Instead a broad smear of free (dG),_ is seen along with some radiolabeled material remaining at the origin. This is presumably self-complexed (dG)._ ." since it is seen even when insertless pUC19 DNA is used (Fig.IB, 
lane 6).
A stable complex is also observed with (dTC) 5 , but not with (dGA) 5 , and plasmid pTC45 carrying a 45-bp-long (dGA) • (dTC) insert (Fig.2) .
The complexes we observe are highly specific. For example, Fig.3 demonstrates that no binding is detected of (dC),. n _ to pTC45 DNA (lane 2) and (dTC) 5 to pG35 DNA (lane 5).
One factor that affects complex formation is the ionic strength. Using 40 mM sodium citrate instead of 100 mM makes the binding less effective (data not shown). However, the factor Regular homopurine-homopyrimidine inserts in superhelical DNA undergo a strongly pH-dependent transition called the B-H transition (12,14). Since we have found that the same inserts may form strong complexes with oligo(dPy), the question arises whether oligo(dPy) affects the B-H transition. Fig. 5 shows a 2-D electrophoretic analysis of topoisomers found for the pG31 plasmid, which carries a (dG) • (dC)-. insert with (A) and without (B) preincubation with (dC) . One can see that significantly shifts the B-H transition to higher negative superhelicity. A similar effect is observed for the pTC45 plasmid and (dTC) 5 (Fig.6) .
The observation of a complex of (dC),_ ." with the CC form of pG35 DNA having native superhelicity (Fig.l, lane 1) would suggest that a trace amount of (dC) lo ._ binds to the A B Fig.5 . Two-dimensional gel electrophoresis in 1.5% agarose of topoisomers of plasmid pG31 carrying a (dG) 31 -(dC) _ insert preincubated with (A) and without (B) a 4-fold molar excess of (dC).-". Separation in the first direction (from top to bottom)" was performed in Na-citrate buffer (lOOmM of sodium, pH 4.5), at an electric field strength of 2 V/cm, 12 C, for 22 hours. For the second direction (from left to right) the gel was saturated by Tris-acetate buffer containing 2/jg/ml of chloroquine.
(dG) • (dC) insert while it adopts the H form. However, since excess (dC)._ n " influences the B-H equilibrium, this possibility needs additional direct verification.
It was simplest to examine this question by asking whether (dTC) binds to the H form of pTC45 DNA. To this end we prepared three samples of .pTC45 DNA.
Each sample contained about 5-6 different topoisomers, and the three samples together covered the whole range of DNA superhelicity from 0 to the native value. Fig.7 shows that all these samples, as well as the linear and native CC DNA of plasmid pTC45, form a strong complex with (dTC) 5 . In virtually all of the topoisomers present in the sample with highest negative superhelicity (Fig.7, lane 4) as well as in the native sample (lane 5) the (dGA) •(dTC) insert adopted the H form in the presence of excess (dTC) 5 (see Fig.6A ). This indicates that (dTC) 5 must be able to bind to the H form as well as the duplex form of the (dGA) •(dTC) insert.
The data on the effect of oligo(dPy) on the B-H transition make it possible to determine the stoichiometry of the oligo(dPy) complex with duplex DNA.
2-D gel electrophoretic analysis indicates that when the (dC)._ no /pG31 molar ratio is
!.£. -J.O about unity the B-H transition is shifted only in about half of pG31 molecules of the sample (data not shown). When the molar ratio is about two the transition is shifted for virtually all molecules of the sample. Because the complex is very strong, we conclude that (dC),_ ,-covers all its binding sites when one By comparing the electrophoresis patterns of topoisomers with and without oligo(dPy) one can determine whether the binding affects the winding angle of the DNA duplex. Fig.8 shows that in the case of the (dTC) 5 /pTC45 pair, with excess of (dTC) 5 , we observe a small but reproducible unwinding of the duplex on binding (lanes 1 and 2) .
In the case of the (dC)._ .-/PG35 pair no unwinding is observed (lanes 3 and 4) . DISCUSSION Our data demonstrate that oligo(dPy) forms a complex with Note that the method used can detect only very strong binding, effectively irreversible under the electrophoresis conditions used for analysis. Indeed, the control experiments in Figs. 1,2 , lane 3 (using parent vector without a homologous region) show that free oligo(dPy) migrates much faster than DNA molecules (it forms a smear at the bottom in Figs.IB,2B, lane 3) . Thus, if an oligo(dPy) molecule dissociated from the DNA it would run ahead and never bind again. Since the position of oligo(dPy) coincides with the position of DNA bands in Figs.1,2 (lanes 1,2) during the 10-20 hours of electrophoresis oligo(dPy) molecules must remain attached to DNA.
Failure to observe a complex at pH 6 (Fig.4) does not mean that the complex cannot be formed but just indicates that in this case its lifetime may be much shorter than the duration of the electrophoresis.
What is the nature of the complex? Before answering this guestion, let us summarize the main features of the complex as they emerge from our data. (Fig.4) . (iv) Complex formation is associated with very little, if any, unwinding of the duplex (Fig.8) . None of the above features is consistent with the D-loop formation.
By contrast, they are all consistent with the assumption that oligo(dPy) is associated with the homologous duplex forming a triplex.
Data on synthetic polynucleotides long ago indicated that one homopurine and two complementary homopyrimidine strands may, under the appropriate stoichiometry and ambient conditions, form triplexes consisting of .
According to the available data, these triplexes include canonical Watson-Crick base pairs in the A form comprising the homopurine and one of homopyrimidine strands. The second homopyrimidine strand occupies the major groove of the duplex forming Hoogsteen pairs with the purines. To do this each cytosine will have to bind a proton. As a result the triplexes (dG) . 2(dC) and (dGA) n • 2(dTC) are formed preferentially at acid pH.
Thus, the stable complex we observe between the homopurinehomopyrimidine region of plasmid DNA and homologous oligo(dPy) is apparently the triplex: duplex + oligo(dPy)s=£ triplex (1) The thermodynamics of this reaction should be quite similar to the reaction in which two complementary oligonlucleotides form a duplex (see, e.g., (15)). Bearing in mind this similarity, we can define the stability constant s T for the elongation of the triplex by one base-triad. In the heteropolymer case, such as (dTC) , we define s T as the geometric mean value of the separate TAT and CGC + triads.
It follows from the general theoretical description of a pH-dependent structural transition (12, 14) that:
Here r is the number of nucleotides per one cytosine in oligo(dPy) (r=l for (<*C) n and r=2 for (dTC) n ) ; s Q is the geometrical mean stability constant for the unprotonated base-triad; and pK is the pK value for the CGC + base-triad. The s and pK values have not yet been determined. However, it is clear that s « 1 and pK, according to available data, is 7-8 (16-19) .
As emphasized above, the critical quantity in our experiments is not the equilibrium constant but rather the lifetime of the complex r_,. Using an analogy with kinetics of the ordinary duplex helix-coil transition (23) we obtain: 3) where N is the number of nucleotides in the oligo(dPy), and r f is a constant. The r_ value for the triplex is not known but it is reasonable to see that it is of the same order of magnitude as the corresponding value for the duplex, i.e. in the microsecond range (23, 24) . In an acidic region where pH < pK, combining Eqs. (2) and (3) we obtain:
Eq. (4) indicates how drastically the complex lifetime should depend on pH. For (dTC) 5 the lifetime should increase by five orders of magnitude for a unit decrease in pH and for (dC)._ -" the increase should be as large as 12-18 orders! Note that the sharpness of the variation of r T with pH has no precedent in the field of DNA conformational transitions. For the best studied case of the dependence of the duplex stability constant, s D , on temperature, T, one has (15,23):
where AH is the enthalpy of melting; R is the gas constant; and T is the melting temperature of an infinitely long polynucleotide of the same base composition. The duplex lifetime for the N-bp-long oligonlucleotide is:
where r_ is about a millisecond (23,24). Eqs. (5), (6) indicate that for N = 10 the largest possible variation in r D for (for 100% GC-content, when T is about 100 C, changing the temperature from 0 C to 100 C) may be about 15 orders of magnitude.
For the triplex of the same length one could expect (changing pH from 8 to 4) a change in r T by 40 orders of magnitude, (see Eq. (4)).
We now discuss the influence of oligo(dPy) on the B-H transition. In the light of the above discussion, the fact that oligo(dPy) shifts the B-H transition to higher negative superhelicity is not unexpected.
Indeed, in excess oligo(dPy) the state of the insert at low superhelicity is actually not the duplex but rather the triplex which is very stable at acid pH. It is true, in the H form, that the insert also forms the triplex, but it embraces only half the insert. The homopurine chain of the other half of the insert in the H form is single-stranded (13, 14) .
It is tempting to interpret the complex formation between oligo(dPy) and the insert in the H form (Fig.7) as the result of duplex formation between oligo(dPy) and the single-stranded part of the purine chain. However, according to Eq.(6), the lifetime for such duplex for the case of (dTC) 5 , under our experimental conditions, should be about a minute, so we could not observe the complex by electrophoresis. Thus, it seems extremely likely that two oligo(dPy) molecules may form a triplex with the single-stranded part of the purine chain of the H form. Whatever the detailed structure of the complex of oligo(dPy) with the H form, it must be significantly less stable than the structure of the complex with ordinary duplex DNA. Only in this way can the destabilization effect of oligo(dPy) on the H form be explained.
The small but detectable unwinding of the (dGA) n • (dTC) n tract on binding with (dTC) is consistent with the fact that the duplex should be in the A form within the triplex (25). The lack of unwinding in the case of the (dG) • (dC) insert implies that here the winding angles for duplex and triplex must be close.
This difference with different inserts reflects most probably a normal polymorphism in the triplex parameters. Indeed, Peck and Wang (26) reported that the (dG) n « (dC) duplex has a winding angle 33.6°, a figure typical for B-DNA in solution. On the other hand, according to the data of Arnott et al. (25) , in fibers the poly(dC)• poly(dl) • poly(dC) triplex has a winding angle of 32.7°, which is significantly larger than the value for poly(dT)>• poly(dA) » poly(dT) (30.0°).
